Introduction
============

Recombinant human bone morphogenetic protein-2 (rhBMP-2) is a well-known osteoinductive bone graft substitute. With proper carriers, the rhBMP-2 has been popularized in various clinical applications. To date, rhBMP-2 is used in degenerative spine, spinal fusion surgery for vertebral fracture, fusion surgeries for non-union of extremity fracture, dental surgery, and maximal-facial surgery \[[@B1],[@B2]\]. Currently, commercially available rhBMP-2 is mammalian cell-derived. Mostly, Chinese hamster ovarian (CHO) cells are used for the generation of rhBMP-2, but the yields of rhBMP-2 are very low, resulting in the high costs \[[@B3]\]. On the contrary, *Escherichia coli* (*E. coli*)-derived rhBMP-2 is able to be mass produced with relatively low cost \[[@B4]\]. In cultured human mesenchymal stem cells, the *E. coli*-derived rhBMP-2 showed osteoblastic differentiation efficiency comparable to CHO cell derived BMP-2 \[[@B4]\]. Successful bone fusion by *E. coli*-derived rhBMP-2 was reported in experimented animals such as rats and rabbits \[[@B4],[@B5]\].

For further clinical application, the toxicity of *E. coli*-derived rhBMP-2 should be considered but the study about its toxicity has not yet been done extensively. Systemic toxicity can be evaluated in several ways as follows: 1) single injection with excessive level of the clinical dose to determine the lethal dose, 2) repetitive injections of relatively high doses for several weeks (short period), 3) repetitive injections of relatively high doses for several months (long period). The *E. coli*-derived rhBMP-2 has never been evaluated on its toxicity with the above-mentioned methods.

Thus, in the present study, we examined the possible toxicity of *E. coli*-derived rhBMP-2 by single intravenous injection into Sprague-Dawley rats. Also, a lethal dose was suggested in this study.

Materials and Methods
=====================

1. Materials
------------

*E. coli*-derived rhBMP-2 (A C1147H1779N321O328S19, 2.6 kDa) was obtained from Daewoong Pharmaceutical (Seoul, Korea). RhBMP-2 was prepared in glycine carrier buffer containing glutamic acid, glycine, sucrose, NaCl, polysorbate 80 and NaOH in distilled water. High BMP-2 concentration, consisting 1 mg of BMP-2 diluted in 0.285 mL of glycine buffer (3.5 mg/mL) was prepared and intermediate (0.9 mg/mL) or low (0.35 mg/mL) concentrations of BMP-2 solution was prepared by serial dilutions. All BMP-2/carrier solution was freshly prepared.

2. Animals
----------

This study was conducted under a Biotoxtech (Cheongwon, Korea) institutional animal care and use committee-approved protocol (\#09588) and in accordance with Good Laboratory Practice as outlined Korea Food and Drug Administration notification \#2009-102 and \#2009-116. Research has been performed based on the Institutional Guide for the Care and Use of Laboratory Animals, and the ethical treatment of all experimental animals has been maintained.

Forty-eight 5-week-old Sprague-Dawley (Charles River Breeding Laboratories: CD \[SD\]) rats were obtained from Oriental Bio Inc. (Namyangju, Korea). Of 48 animals, 24 were male and 24 were female. The range of body weight was from 124.3 to 140.2 g for males and from 105.0 to 118.4 g for females. All animals were carefully examined and weighed (CP3202S, Sartorius, Goettingen, Germany) when obtained from the supplier.

During the 7 days of acclimation period, general symptoms were monitored once a day. When admitted to the animal room, the animals were checked for general symptoms in quarantine station for 3 days before they are transferred. On the last day of acclimation period, good health status of all animals was confirmed by measuring weights and monitoring general symptoms and weight changes. During the acclimation period, all the animals were marked on their tails with red-colored permanent pen to distinguish each other and animal cages were labeled with identification cards. During the experiments, each group of animals was indicated with blue-colored permanent pen on their tails and the cages were labeled with colored-identification cards.

After 7 days of the adjustment period, 4 of males and females, which exhibited extreme body weights, were excluded in this study. The remaining 40 animals were divided into 4 groups with the average body weight being nearly the same amongst the groups.

The rats were housed in stainless steel cages in a room maintained at 21.0℃ to 22.9℃ with relative humidity of 43.5% to 57.9% and airflow controls (10-15 air changes per hour). The animals were maintained in a 12:12 dark to light cycle (lights on from 7:00 to 21:00, 150-300 Lux). Rats were fed with lab diets (Teklad Certified Irradiated Global 18% Protein Rodent Diet 2918C, Harlan Laboratories Inc., Madison, WI, USA) and filtered tap water. The cages were changed, cleaned, and autoclaved every 2 weeks.

3. Test substance administration
--------------------------------

For clinical application, rhBMP-2 is implanted into where bone defects occur. However, in this study, a single dose of intravenous toxicity study was carried out in rats. The animals were injected intravenously through the lateral tail veins at an injection rate of 2 mL/min. In spinal fusion surgery, 1 to 8 mg of rhBMP-2 is applied per patient (0.017-0.13 mg/kg for 60 kg adult patient). In this study, to evaluate the lethal dose and toxicity of rhBMP-2, rats in the high dose group were injected with total doses of 7 mg/kg, which was 50 to 410 times more of clinical doses. The intermediate dose group and low dose group were injected with 1.8 mg/kg and 0.7 mg/kg of rhBMP-2, respectively. In control group, 2 mL of carrier buffer was injected ([Table 1](#T1){ref-type="table"}).

4. Methods
----------

At the day of injection (day 0), the animals were examined frequently (1, 2, 4, and 6 hours). From day 1 to day 14, the rats were observed daily to note for toxic features including the kinds of toxic symptoms, the periods of symptom appearance and the periods of symptom recovery.

The body weight of all animals were measured before and after the injection (day 0, 1, 3, 7), and prior to sacrificing (day 14). All animals were sacrificed at day 14 by exsanguinations via the abdominal aorta after the carbon dioxide anesthesia and autopsy was followed. Histological examination was performed when gross abnormalities were observed.

5. Statistical analysis
-----------------------

The statistical analysis of body weight employed the SAS (ver. 9.1.3, SAS Institute Inc., Cary, NC, USA). To test homogeneity of variance, Bartlett\'s test was used (95% of confidence interval). One-way analysis of variance was used to test significance. For all tests, *p*-values \<0.05 were considered significant.

Results
=======

1. Mortality
------------

No animal was found dead during the test. Thus, the minimum single lethal dose was more than 7 mg/kg by the intravenous route ([Table 2](#T2){ref-type="table"}).

2. Clinical observation
-----------------------

None of male and female rats in 0, 0.7, 1.8, 7 mg/kg of rhBMP-2 groups showed abnormal clinical signs on the day of injection (0.5, 1, 2, 4, 6 hours). For 14 days following the injection, none of the animals showed abnormal clinical signs.

3. Body weight changes
----------------------

In all experimental groups, no significant changes in body weights were noted before and after the injection. Body weights of all the rats including control group were increased after injections of the compound (*p*\<0.001). But the results were statistically insignificant ([Table 3](#T3){ref-type="table"}).

4. General autopsy
------------------

According to the gross observation, there was no definite abnormality in all groups ([Table 4](#T4){ref-type="table"}). Autopsies did not find any abnormalities in all the test and control groups. So, no additional histological studies were followed.

Discussion
==========

Many studies and clinical trials have demonstrated that BMP-2 enhances bone fusions, thus, the clinical application of BMP-2 has become common in spine surgery. However, its various side effects have been reported. BMP-2 affects the surrounding mesenchymal stem cells and pre-osteoblasts, resulting in serious side effects such as excessive and/or bone formations, osteolysis, or infections \[[@B6]\]. It also induced inflammatory reactions including seroma formation, radiculopathy and cord compressions \[[@B7]\]. Moreover, BMP-2 involved serious adverse effects such as dysphagia, soft tissue swelling, and pharyngeal edema accompanied by respiratory distresses after the application on anterior cervical surgeries \[[@B8],[@B9]\]. Recently, genitourinary complications such as retrograde ejaculations in anterior lumbar surgery were reported \[[@B10],[@B11]\]. Mostly, these complications were locally induced at where rhBMP-2 was implanted for the bone fusions, and systemic side effects were unlikely to be involved. Since rhBMP-2 is a soluble protein, which can be inserted to intramedullary cavity through the carrier. Also, it can flow into the systemic circulation via blood streams when it is implanted adjacent to cancellous bone of host or to the place with high blood flows such as vertebral body. However, lethal dose of rhBMP-2 is not known and the toxicity of *E. coli*-derived rhBMP-2 has never been reported. Thus, we injected high doses of *E. coli*-derived rhBMP-2 via intravenous to evaluate systemic toxicity. It is speculated that CHO-cell derived rhBMP-2 induces various complications and this phenomenon is associated with the clinical dosages. Previously, high dose of 10 mg was used in spinal fusions. Currently, 1 to 10 mg of rhBMP-2 is being used.

In this study, no animal was found dead after the injection. As shown in animal studies, half-life of rhBMP-2 is 7 to 16 minutes in case of systemic implant or 8 days in local implant with collagen spongy \[[@B12]\]. Thus, it is plausible that rapid clearances play important roles in lowering systemic toxicity. Due to its high osteoinductivity, rhBMP-2 may induce ectopic bone formation in organs with high blood flow such as lung, kidney, brain, liver during systemic circulation and it can be found in gross autopsy \[[@B13]\]. But in this study, general observations and autopsy (lung ring sysparenchyma, kidney and brain) did not show any abnormal sign such as ectopic bone formation even under the conditions of high dose systemic injections. It is possibly because of short half-life of rhBMP-2 and its fast circulation which makes it hard to signal to adjacent cells. Since this study focused on the effects of rhBMP-2 for 2 weeks of treatment with single injection, it is hard to draw the conclusion about long-term side effects or the effects of repetitive injections. Despite the limitation, this study provides a significant view about how single intravenous injection of *E. coli*-derived rhBMP-2 affects mortality and gross abnormality.

Conclusions
===========

Thus, the lethal dose of single injection should be higher than 7 mg/kg in SD rats. Overall, this study suggests that intravenous injection of *E-coli*-derived rhBMP-2 within the clinical dose is highly unlikely to affect mortality.
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Mortality and approximate lethal dose of single intravenous toxicity study in Sprague-Dawley rats (group summary)
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Body weight of Sprague-Dawley rats in single intravenous toxicity study (group summary)
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Five animals per group were tested. Values are presented as mean±standard deviation.
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Necropsy findings of Sprague-Dawley rats in single intravenous toxicity study
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